Embryos carrying null mutations of both retinoid X receptors ␣ and ␤ (RXR␣ ؊/؊ ͞RXR␤ ؊/؊ mutants) were generated. These mutant embryos die between 9.5 and 10.5 days of gestation and display a wide range of abnormalities. The cause of the lethality appears to be the lack of formation of the labyrinthine zone of the chorioallantoic placenta. In a thorough analysis of mutant conceptuses, we establish that RXRs, through heterodimerization with retinoic acid receptors, are essential for postimplantation embryonic development before placentogenesis. RXRs are also essential for the formation of the chorioallantoic placenta, most probably through RXR͞peroxisomal proliferator-activated receptor-␥ heterodimers. Interestingly, as a RXR ligand appears dispensable, placentogenesis must be controlled by a yet unknown hormonal ligand(s) activating the heterodimerization partner(s) of RXRs.
Retinoid X receptors RXR␣, RXR␤, and RXR␥ are thought to be key actors in several nuclear receptor signaling pathways. They specifically bind 9-cis-retinoic acid and thus may be directly involved in the transduction of retinoid signals. In transfected cultured cells and in established cell lines, RXRs can act either as homodimers or heterodimeric partners of a number of other nuclear receptors, including retinoic acid receptors (RAR␣, -␤, and -␥), thyroid hormone receptors (TR␣ and -␤), the vitamin D3 receptor, peroxisomal proliferator-activated receptors (PPAR␣, -␤, and -␥), and a number of orphan receptors (reviewed in refs. 1 and 2).
RXR knockouts in the mouse therefore should generate defects that are also associated with null mutations of their heterodimerization partners. RXR␣ Ϫ/Ϫ fetuses die at embryonic days (E) 12.5-16.5 and display a myocardial hypoplasia, as well as conotruncal and ocular defects that have been observed in RAR͞RAR compound mutants and belong to the fetal vitamin A deficiency syndrome (3, 4) . Moreover, compound mutants in which either a RXR␣ null mutation or a mutation (RXR␣AF2°) deleting the last helical ␣ structure of the RXR␣ ligand-binding domain (AF-2 AD core) is associated with a null mutation of one of the three RAR isotypes (␣, ␤, or ␥) altogether recapitulate most of the abnormalities exhibited by RAR͞RAR compound mutants (refs. 3, 5 , and 6 and references therein). In contrast, there is no apparent synergism during development between RARs (␣, ␤, or ␥) and RXR␤ or RXR␥ inactivations (5). Thus, RXR␣͞RAR (␣, ␤, and ␥) heterodimers are the main functional units that transduce retinoid signals during ontogenesis.
The inactivation of RXR␥ in a RXR␣ 
MATERIALS AND METHODS
Mice. RXR␣ and RXR␤ single mutant mouse lines have been described (3, 10) . RXR␣͞RXR␤ double null embryos were obtained by crosses of RXR␣
females. Genotypes were determined by PCR on tail (postnatally) or yolk sac (embryos) DNA (primers and PCR conditions are available upon request).
In Situ Hybridization. Placentas were embedded in OCT medium and frozen immediately on dry ice. In situ hybridization was performed on 10-m-thick sections mounted on gelatin-coated slides. Sections were postfixed in 4% paraformaldehyde in PBS for 30 min at 4°C, washed twice in PBS, and hybridized with digoxigenin-labeled probes for 4311, placental lactogen-1 (pl-1), and Mash-2 cDNAs (ref. 20 and references therein) as described (11) . females. These matings did not yield any double homozygote among 58 fetuses at E13.5 (i.e., about a day before the death of most RXR␣ Ϫ/Ϫ mutants) (3). E9.5 ( Fig. 1 b-g ) and E10.5 double homozygotes were found, but at a ratio decreased by Ϸ30% when compared with the Mendelian distribution (data not shown). Three of 20 E9.5 double homozygotes were dead (as judged from the absence of heart beats), two of which were obviously necrotic. Out of the four E10.5 double homozygotes, one was alive, one was dead but still well preserved (see EM, Fig. 2f The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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contrast, all E9.5 RXR␣ Ϫ/Ϫ ͞RXR␤ Ϫ/Ϫ mutants displayed variable degrees of truncation of the caudal region, incomplete ( Fig. 1 c-e and g) or abnormal (e.g., Fig. 1b ) body turning, dilated heart cavities (C and V in Fig. 1 b, e, and f ), and wavy aspect of the neural tube (not shown). Twelve of these double mutants were severely shortened (compare Fig. 1 a with c-g ) and lacked the second and third pharyngeal arches ( Fig. 1 a  and c-g ); 40% exhibited a major hypoplasia of the frontonasal region ( Fig. 1 c, d , and f ), and 30% had a complete failure of closure of the neural tube ( Fig. 1 e and g ). In four of six externally nearly normal RXR␣
embryos (e.g., Fig. 1b ), serial histological sections revealed a small uni-or bilateral vesicle lined by epithelial cells that was located lateral to the postotic hindbrain (data not shown). In one embryo, this vesicle was continuous with the otocyst, indicating that it most probably corresponds to an ectopic otocyst (0* in Fig. 1i ). With the exception of ectopic otocysts, dilated heart cavities, and precocious differentiation of cardiomyocytes (9), all of the above defects correspond to developmental arrests taking place between E8.5 and E9.5. Interestingly, a strikingly similar spectrum of developmental arrests has been reported under various conditions of energy deficiency because of malnutrition and hypoxia related to failure of erythropoiesis (12, 13) , yolk sac abnormalities (14) , or in vitro culture of mouse embryos (15) . These defect similarities suggest that RXRs could be involved in basic metabolic processes in postimplantation embryos.
Absence of Formation of the Chorioallantoic Placenta Is Responsible for the Death of RXR␣
؊/؊ ͞RXR␤ ؊/؊ Embryos. Lethality during the postimplantation period (i.e., E5.0-E10.5) can be the result of either defects in yolk sac or chorioallantoic placentas (16) or abnormal cardiac looping (17) (18) (19) . Cardiac looping and chamber formation appeared normal in E9.5 RXR␣ Ϫ/Ϫ ͞RXR␤ Ϫ/Ϫ embryos ( Fig. 1 b-g ). At E8.5 and E9.5, the yolk sac of RXR␣ Ϫ/Ϫ ͞RXR␤ Ϫ/Ϫ conceptuses was histologically normal (Y in Fig. 2 a and d; data not shown). At E8.5, extraembryonic structures contributing to the RXR␣ Ϫ/Ϫ ͞RXR␤ Ϫ/Ϫ placenta (allantois, chorionic plate, and ectoplacental cone) were indistinguishable from their wild-type homologs (compare A, C, and E in Fig. 2 a and d) . In all RXR␣ Ϫ/Ϫ ͞RXR␤ Ϫ/Ϫ placentas examined at E9.5 (n ϭ 4) and E10.5 (n ϭ 1), the number of diploid trophoblast cells appeared markedly reduced (compare S in Fig. 2b with D in Fig. 2e) . Moreover, the mutant chorionic plate (C) was not pierced by allantoic capillaries (arrowheads), and the labyrinthine zone (L) was absent (Fig. 2 b, c, e, and f ) .
Placental defects were analyzed further at E9.5 by using markers of the trophoblast lineage: Mash-2, which normally is expressed in both spongio-and labyrinthine trophoblast cells, and the 4311 and pl-1 genes, which are expressed in the spongiotrophoblast and giant cells, respectively (ref. 20 and references therein). These markers revealed the presence of all three trophoblastic cell types in RXR␣ Ϫ/Ϫ ͞RXR␤ Ϫ/Ϫ conceptuses (Fig. 3) . However, the trophoblast giant cell zone was not interrupted at the implantation site, in contrast to age- Fig. 3 c and g, G) , and the thickness of the spongiotrophoblast zone was severely reduced (Fig. 3 b and f, S) . Thus, in RXR␣ Ϫ/Ϫ ͞RXR␤ Ϫ/Ϫ mutants, the yolk sac circulation forms normally and the allantois contacts the chorionic plate. However, the development of the chorioallantoic placenta does not progress further, resulting in a lack of labyrinthine zone. The deficiency of spongiotrophoblast cells at the implantation site of RXR␣ Ϫ/Ϫ ͞RXR␤ Ϫ/Ϫ mutants cannot account for the agenesis of the labyrinth, as Mash-2 null mutants that lack spongiotrophoblast nevertheless develop a small labyrinth (20) . On the other hand, changes in the spatial distribution of the trophoblast giant cells probably represents a secondary consequence of the labyrinthine agenesis, because it is widely held that trophoblastic giant cells normally migrate away from an inhibitory influence of other components of the placenta (21) . Therefore, the primary cause of the labyrinthine agenesis in RXR␣ Ϫ/Ϫ ͞RXR␤ Ϫ/Ϫ mutants may correspond either to a failure of allantoic capillary sprouting or to a lack of proliferation of the trophoblast cells forming the chorionic -d and f-h) . C, chorionic plate; G, giant cell zone; L, labyrinthine zone; S, spongiotrophoblast; U, uterine epithelium.
plate. This latter possibility is supported by the observation that RXR␣ Ϫ/Ϫ ͞RXR␤ ϩ/Ϫ conceptuses, which died between E10.5 and E11.5, developed a labyrinthine zone that was indistinguishable from its E9.5 wild-type counterpart, but never grew beyond this stage (data not shown). In contrast, RXR␣ Ϫ/Ϫ conceptuses that die at the fetal stage (E12.5-E16.5) (3) displayed milder placental alterations (22) . In any event, as the labyrinth normally provides an interface for nutrient and gas exchanges between the maternal and embryonic circulations, the failure to establish a functional chorioallantoic placenta is sufficient on its own to account for the death of the RXR␣ Ϫ/Ϫ ͞RXR␤ Ϫ/Ϫ conceptuses between E9.5 and E10.5, when the primary, yolk sac-derived, placenta can no longer meet the increasing metabolic demand of the embryo (20, (23) (24) (25) . On the other hand, the embryonic abnormalities corresponding to developmental arrests at E8.5-E9.5 (see Fig.  1 b-g and above) cannot be a result of the placental dysfunction, as failure of fusion of the allantois with the chorionic plate does not alter the morphogenesis of E9.5 embryos (23, 26, 27) . (Fig. 1 c-g ) are fully penetrant in mouse embryos lacking retinaldehyde dehydrogenase-2 (RALDH-2), an essential retinoic acid (RA)-synthesizing enzyme (K. Niederreither, V. Subbarayan, P. Dollé, and P.C., unpublished results). Interestingly, the early arrest of cardiac morphogenesis displayed by these RALDH-2 Ϫ/Ϫ embryos was not observed in our present mutants, indicating that some RA signaling mediated by RXR␥͞RAR (␣, ␤, or ␥) heterodimers most likely is occurring in RXR␣ Ϫ/Ϫ ͞RXR␤ Ϫ/Ϫ mutants. It is also noteworthy that RXR␣AF2°͞RXR␤ Ϫ/Ϫ ͞RXR␥ Ϫ/Ϫ mutants lacking all RXR AF-2s (see above) never exhibit the RXR␣ Ϫ/Ϫ ͞RXR␤ Ϫ/Ϫ developmental arrest defects, thus suggesting that a ligand capable of activating RXRs (9-cis-RA or RXR ligands as yet uncovered) is not required for the completion of the underlying developmental events, in marked contrast to many other events for which the integrity of RXR AF-2 is indispensable (6) .
RXR Functions in Early Embryogenesis
In contrast to the above embryonic defects, it appears that a critical function of RXR͞RAR heterodimers in placental labyrinthine formation can be ruled out as 
CONCLUSION
The present study establishes that RXRs through heterodimerization with RARs are essential for postimplantation embryonic development before placentogenesis. RXRs are also essential for the formation of the chorioallantoic placenta, most probably through heterodimerization with PPAR␥. Interestingly, in both cases a RXR ligand appears dispensable, thus indicating that (i) RXRs can be instrumental as transcriptionally silent obligatory heterodimerization partners during early mouse embryogenesis, and (ii) mouse placentogenesis is controlled by a yet unidentified hormonal signal(s) transduced by the heterodimerization partner (most likely PPAR␥).
